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The renaissance of neutrino experiments @ CERN – at both the SPS & the LHC

2016

➢ Proposal for ‘Search for hidden particles’ (SHiP) @SPS
➢ Physics Beyond Colliders (PBC) initiative launched

2018

➢ FASER proposed to detect neutrinos from LHC P1

2023

➢ Detection of collider neutrinos by FASER & SND@LHC

2024
➢ SHiP approved for construction 
➢ Awaiting decision on Forward Physics Facility (FPF) @ LHC 
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BEBC

1st neutral current event, 1973 Gargamelle

The 1970’s-80’s were a glorious era of pioneering neutrino experiments @ CERN



Subsequently neutrino oscillations were discovered … first sign of physics beyond SM 

The simplest renormalisable extension of the SM which accommodates this, contains right-handed (RH) neutrinos

If in addition to (lepton-number conserving) Dirac masses due to interaction with the Higgs field, the RH neutrinos 
have (lepton-number violating) Majorana masses, then they can, in principle (Asaka, Shaposhnikov, Phys.Lett.B 620:17,2005):

➢ Account for the baryon asymmetry of the Universe 

➢ Provide a (warm) candidate for the dark matter

Klarić, Shaposhnikov & Timiryasov, Phys.Rev.Lett. 127:111802,2021 

Test by searching for heavy neutral leptons (HNLs) 
– SHiP@SPS, FPF@LHC (best below 2 GeV)

– FCC, CEPC … (best above 2 GeV) 

https://doi.org/10.1016/j.physletb.2005.06.020
https://doi.org/10.1103/PhysRevLett.127.111802


Heavy Neutral Leptons: Production & Decay

The number of HNLs produced,     , can be directly related to the total 
number of detected active neutrinos of a particular species,      , via: 

Consider production in the beam dump of charmed mesons – decaying 
promptly to neutrinos whose mixings create a beam of HNL that decay in 

into opposite sign charged charged particles (eeν, eμν, μμν, or eπ, μπ) 
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https://arxiv.org/abs/2208.00416


FASER2 will do a 
factor of 5 better 

up to mc and a 
factor of  

better up to mb 

We revisit the search for heavy neutral leptons with the Big European Bubble Chamber in the 1982 proton beam dump experiment at CERN, 

focussing on those heavier than the kaon and mixing only with the tau neutrino, as these are far less constrained than their counterparts with 

smaller mass or other mixings. Recasting the previous search in terms of this model and including additional production and decay channels 

yields the strongest bounds to date, up to the tau mass. This applies also to our updated bounds on the mixing of heavy neutral leptons with the 

electron neutrino.   Barouki, Marocco, S.S., SciPost Phys.13:118,2020 (Reanalysis of: Cooper-Sarkar et al, Phys.Lett.B160:207,1985)

The 40+ year old beam dump experiments @ CERN still provide world-leading sensitivity to HNLs

Constraints on HNLs 
from BEBC & CHARM

SHiP will do a 
factor of 50 

better upto mc and 
a factor of  

better upto mb 

https://doi.org/10.21468/SciPostPhys.13.5.118
https://doi.org/10.1016/0370-2693(85)91493-5


Bound on the tau neutrino magnetic moment from the BEBC beam dump experiment

A.M. Cooper-Sarkar et al, Physics Letters B 280 (1992)153

“With more than 50k ντ CC interactions in the SND, SHiP can constrain the ντ magnetic moment down to 9 × 10−8μB
”

SHiP Collaboration + BDF Working Group, BDF/SHiP at the ECN3 high-intensity beam facility, CERN-SPSC-2023-033 

“Those who cannot remember the past are condemned to repeat it.” – George Santayana

We found 1 candidate event, cf. expected background of 0.5 ± 0.1 ⇒ < 3.5 events @ 90% CL
This implies a bound of 5.4 x 10-7B on the  magnetic moment

Scattering by a magnetic moment is strongly forward-peaked, so we considered production from Ds →   

and looked for elastically scattered events within the forward cone defined by the maximum scattering angle

The magnetic moment expected for a Dirac neutrino is  = 3x10-19 (m/eV) B but can be enhanced by BSM physics

https://doi.org/10.1016/0370-2693(92)90789-7


LHC provides a collimated beam of TeV energy neutrinos in the far forward direction

Proc. ECFA-CERN Workshop on large hadron collider in the LEP tunnel: 21-27 Mar 1984

… Forty years later, this vision is being realized

https://inspirehep.net/literature/210810


What can we do with an intense beam of TeV energy neutrinos?

Study interesting open issues in QCD – of relevance to neutrino telescopes; Study forward production 
of light hadrons – of relevance to cosmic ray air shower arrays; Search for Beyond-Standard-Model 
long-lived particles (axions, dark photons, heavy neutral leptons, milli-charged particles, scalar dark 
matter, quirks  etc) – of relevance to dark matter experiments.                Feng et al, J.Phys.G50:030501,2023

https://doi.org/10.1088/1361-6471/ac865e
https://doi.org/10.1088/1361-6471/ac865e
https://doi.org/10.1088/1361-6471/ac865e


Neutrino interactions, charm production …

Synergy with Neutrino Telescopes 
Antares/KM3NeT, Baikal/GVD, IceCube/Gen2, … P-One, Trident, 

… ANITA, PUEO, GRAND, Trinity, … ARIANNA, ARA, RNO-G



IceCube use CSMS – a NLO calculation 
using HERAPDF1.5 (accurate to few %) 
https://dispred.hepforge.org

/

There is good agreement between different PDF sets after rejecting 
unphysical members which would have yielded negative values for 

the structure function FL (or violated the Froissart bound) 
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The -N DIS #-secn. is an essential input for Neutrino Telescopes

https://dispred.hepforge.org/
https://dispred.hepforge.org/
https://doi.org/10.1007/JHEP08(2011)042


Preliminary Reference Earth Model (PREM)
Earth diameter = interaction length at Eν  40 TeV

IceCube Collaboration, Nature 551:596,2017

CSMS 2011  

CSMS 2011   

weighted

The predicted -N cross-section has been verified upto 103 TeV by  absorption in the Earth

However, the measurement uncertainty is large (30%) and the Earth absorption method works only above 40 TeV

The FPF is well suited to bridge the gap between neutrino telescopes 
and measurements (upto 350 GeV) at fixed-target experiments

https://doi.org/10.1038/nature24459


Neutrino flux as a function of energy for e neutrinos (left),  neutrinos (middle), and  neutrinos (right),
with expected precision of FPF measurements (statistical uncertainties only)
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Can investigate many interesting BSM neutrino signatures too …

 tridents

1406.16803

https://doi.org/10.1088/1361-6471/ac865e
https://doi.org/10.1088/1361-6471/ac865e
https://doi.org/10.1088/1361-6471/ac865e
https://arxiv.org/abs/2406.16803


DIS @ FPF: Impact on proton PDFs 

➢ Quantified by Hessian profiling of PDF4LHC21 (xFitter) and by 
direct inclusion in the global NNPDF4.0 Fit

➢ Most impact on up & down valence quarks, also on strange …
➢ PDFs thus improved enhance precision HL-LHC measurements
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Event 
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https://doi.org/10.1140/epjc/s10052-024-12665-1


Courtesy: Anne Schukraft

Neutrino telescopes look for a cosmic signal buried in a huge background of atmospheric neutrinos



The astrophysical  flux can be fitted 
by a power-law, broken power-law, 
spline with a cut-off, log-parabola …  

Why is the atmospheric prompt flux important for neutrino telescopes?

Need to discriminate between these in order 
to identify the source(s) – but this requires 
better estimate of atmospheric background 

To measure this at an accelerator requires:
√s = √2E mp ≃ 10 TeV, for E  107 GeV: LHC

x1,2  (mc/√s) e±ƞ ⇒ ƞ  7-9: Forward detector

A
ar

ts
en

 e
t 

a
l, 

PR
L 

1
2

5
:1

21
10

4
,2

02
0

https://doi.org/10.1103/PhysRevLett.125.121104


NLO predictions for forward charm production validated with LHCb
LH
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Prediction for 13 TeV matched the data
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https://doi.org/10.1016/j.nuclphysb.2013.02.010
https://doi.org/10.1007/JHEP11(2015)009
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Prediction of atmospheric prompt flux improved with input from LHCb 

FASERν & SND@LHC  will measure the prompt neutrinos in an even more forward 
region (|y| > 7.2) than LHCb can access and reduce the uncertainties even further 

https://doi.org/10.1007/JHEP11(2016)167


Synergy with Cosmic Ray Air Shower arrays: 
Pierre Auger Observatory, IceTop, KASCADE-GRANDE, NEVOD-DECOR, 

SUGAR, Telescope Array, TUNKA, Yakutsk … 

10th May 2007, E  1010 GeV

Light hadron production



Main sources of uncertainty

➢ Minijet cross-section (parton densities, range of applicability)

➢ Transverse profile function (total #-secn, multiplicity distribution)

➢ Energy dependence of leading particle production

➢ Role of nuclear effects (saturation, stopping power, QGP)

Need input from forward physics experiments
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FPF

The FPF will measure forward light 
hadron production in a kinematic 
range never before explored and 

definitively settle the issue

The Cosmic ray muon anomaly – new physics?

Difficult to explain away by tuning 
parameters without introducing other 

discrepancies with cosmic ray data

30-60% mismatch between the 
observed muon flux and simulations

https://doi.org/10.1007/s10509-022-04054-5


New particles

Synergy with dark matter search experiments 



Theoretical motivations for New Light Feebly Interacting/Long-Lived Particles

Abelian, unbroken
Electromagnetism U(1)EM

Abelian, spontaneously broken
Hypercharge U(1)Y

Non-Abelian, spontaneously broken
Weak SU(2)L

Non-Abelian, dynamically broken
QCD SU(3)c

Abelian, unbroken
Millicharged particles (FORMOSA)

Abelian, spontaneously broken
Dark photon B-L, L-L gauge bosons 
(FASER2, FASERn2, AdvSND, FLArE)

Non-Abelian, spontaneously broken ?

Non-Abelian, dynamically broken
Quirks (FASER2, FLArE)St
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The Portal Formalism



The new particle landscape

*
➢ ATLAS & CMS are designed to find new heavy particles which are produced nearly and rest and decay isotropically

➢ New light particles are produced mainly along the beam, so disappear through the holes that let the beams in …

➢ We need a detector to cover blind spots in the forward region (FPF)  ... or do a beam dump experiment (SHiP)
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Dark Matter: THE ‘WIMP-LESS MIRACLE’ 

https://doi.org/10.1103/PhysRevLett.101.231301


Present bounds on mCPs (grey): LSND, ArgoNeuT, SLAC, Super-K (limit on diffuse SN  bkgd), LEP, CMS, BEBC 
Expected sensitivities for FORMOSA, FLArE; Projections for SUBMET, FerMINI, MilliQan @ HL-LHC, DUNE 

The search for milli-charged particles
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https://doi.org/10.1016/j.physrep.2022.04.004


Projected reach for SHiP (@ SPS with 6x1020 POT) and for FASERν2, FLArE-10 (@ HL-LHC with 3 ab−1 integrated luminosity)

The search for sub-GeV DM

B
at

el
l e

t 
al

, P
h

ys
.R

ev
.D

1
0

4
:0

35
03

6
,2

02
1

https://doi.org/10.1103/PhysRevD.104.035036


Message for ECFA 
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➢ There is well-motivated new physics to 
be explored using high energy neutrinos 

➢ These experiments cost little (< 100 
MCHF) but are of great interest to a 
large (astro)particle community

➢ Beam dump experiments have in the 
past proved very successful – SHiP will 
continue this tradition!

➢ The Forward Physics Facility will explore 
both SM and BSM physics at the HL-LHC 
… it ought to be part of the forward 
planning for the FCC (arXiv:2409.02163)

conclusions

https://arxiv.org/abs/2409.02163
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